Design and optimization of hybrid excitation flux switching machine (Hefsm) 12slot-14pole by Che Ab Aziz, Mohd Fahmi
i 
 
 
 
 
 
 
DESIGN AND OPTIMIZATION OF HYBRID EXCITATION FLUX 
SWITCHING MACHINE (HEFSM) 12SLOT-14POLE 
 
 
 
MOHD FAHMI BIN CHE AB AZIZ 
 
 
 
 
A project report submitted in partial 
Fulfilment of the requirement for the award of the 
Degree of Master Electrical Engineering 
 
 
 
 
 
 
Faculty of Electrical and Electronic Engineering 
Universiti Tun Hussein Onn Malaysia 
 
 
 
 
 
 
 
JAN 2015 
 
 
 
iv 
 
 
 
 
 
ABSTRACT 
 
 
 
Hybrid Electric Vehicle (HEV) and Electric Vehicle (EV) is gaining it's popularity 
worldwide. This is catalyze by the fact that people nowadays have getting more 
concern of the environmental issues surrounding the world. To further compensate 
the interest shown, the government has also play the parts via better incentive and 
proper funding to fuel the interest in terms of research and development of HEV and 
EV. This paper present the optimization process of a new type Hybrid Excitation 
Flux Switching Machine (HEFSM) which is has a all the active parts made of 
permanent magnet (PM), DC field excitation coil (FEC) and armature coil at the 
stator part instead of putting any of the major components on the rotor part. The 
optimization process was done using the deterministic design approach where each 
part of the HEFSM is divided onto separate 10 parts namely D1 up to D10 and each 
of them is treated to extract the optimum torque and power performance. Upon 
optimization of the HEFSM the machine is subjected to another procedure in order 
for the overall PM weight to be reduced without really altering the overall 
performance achieved during the optimization process. Finally the overall 
performance of the HEFSM is analyzed in terms of the average torque generated and 
also the power output generated. 
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ABSTRAK 
 
 
 
Kenderaan elektrik hybrid dan kenderaan elektrik kini semkin mendapat perhatian di 
seluruh dunia. Hal ini berpunca dari manusia kini semakin mengambil berat terhadap 
perubahan iklim dunia dan pemanasan global yang menyelubungi dunia masa kini. 
Kerajaan juga telah berusaha memainkan peranan dengan menyediakan insentif-
insentif yang lebih baik berkaitan dalam kajian dan pembangunan kenderaan elektrik 
hybrid dan kenderaan elektrik. Kajian yang telah dilakukan ini bertujuan untuk 
mengkaji dan mengoptimumkan satu bentuk motor elektrik baru iaitu Hybrid 
Excitation Flux Switching Machine (HEFSM) yang terdiri dari gabungan antara 
magnet kekal, gelung pengaktif medan DC dan gelung armature yang terletak di 
bahagian stator motor elektrik. Proses mengoptimumkan motor elektrik dijalankan 
dengan membahagikan parameter yang berkaitan kepada 10 bahagian dinamakan D1 
ke D10. Setiap satu daripada sepuluh bahagian ini akan diubah parameter yang 
berkaitan sehingga mencapai tahap optimum dimana tiada perubahan pada keluaran 
kuasa dan tork motor elektrik tersebut. Setelah optimum proses kedua akan 
dijalankan dimana saiz dan berat magnet kekal yang digunakan akan dimanipulasi 
bagi mendapat berat paling minimum tanpa mengurangkan kuasa dan tork yang 
terjana dari motor tersebut. Setelah kedua-dua proses dilaksanakan analisa motor 
elektrik ini akan dijalankan secara keseluruhan dari segi kuasa dan tork yang terjana. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.1  Research background 
 
Global warming. A statement that sounds too big to chew and no-one is at fault for 
causing it. The most common excuses heard is that the industrial revolution that 
shaped the world today is the major culprit that caused the world to heat-up more 
than it should be. Part of many elements that drive the industrial revolution is 
transportation, which involves connecting places on earth regardless by land, sea or 
air. According to the Intergovernmental Panel on Climate Change, (IPCC)  5th  
Assessment  Report  "Climate  Change  2014: Mitigation of Climate Change" The 
transport sector produced 6.7 GtCO2 (carbon dioxide) of direct  green-house 
gases(GHG) emissions in 2010 and hence was responsible for approximately 23% of 
total energy‐related CO2 emissions[1]. 
In order to help curb the GHG effect a new generation of land-transportation 
mode have been invented in a form of hybrid  electrical  vehicle  (HEV)   which 
couples battery-operated  electric machine with the internal combustion engine 
(ICE). Initially the penetration rate is small but since the advancement in drive train 
technology, coupled with the maturity of the ICE, this type of transportation has 
gained its presence especially in big city with huge congestion rate. Hybrid 
drive‐trains can provide GHG reductions up to 35% compared to similar 
non‐hybridized vehicles [1]. 
 Here in Malaysia, several new policies and measures covering licensing, 
duties, incentives, technology, environment safety, standards and regulations are 
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being introduced under the new National Automotive Policy (NAP) review. The aim 
is to foster a more competitive industry and freer market. The manufacturer of HEV 
may enjoy up to 50 per cent exemption on excise duty for locally assembled or 
manufactured vehicles or provision of grant under the Industrial Adjustment Fund 
(IAF)[2]. 
With the government playing the parts in reducing the GHG emission via 
better incentive and proper funding, this will help fuelling the interest in research and 
prototyping a new kind of electric machine coupled to the ICE. This research 
presents the optimization of 12Slot-14Pole hybrid excitation flux switching machine 
(HEFSM) with inner-rotor configuration. Nowadays, research on flux switching 
machines (FSMs) become an attractive research topic due to several excessive 
advantages of robust rotor structure, high torque and power capability, and low 
manufacturing cost that suitable for heavy applications. 
 The FSMs is constructed with two flux sources namely permanent magnet 
(PM) and flux excitation coil (FEC) which also known as hybrid excitation flux has 
additional advantage including a much more controllable flux. In terms of 
mechanical prowess, the inner-rotor configuration of the machines provides higher 
torque density and is appropriate to be used with reduction gear configuration or 
even in-wheel direct drive applications [3].  
 
1.2  Problem statement 
 
Ever since the pre-medieval age, human have realized the importance of commuting 
between places. During those days, the animals were used as the main means of 
transportation. Fast forward, ever since the discovery of crude oil, human have learnt 
how to exploit the highly flammable liquid and invented the internal combustion 
engine (ICE) to be fitted to the vehicle and help them commute in a ways never 
imagined before.  
Nowadays, after almost 200 years in service human have discovered that the 
ICE currently in use emits huge amount of green house gases (GHG) that leads to the 
global warming. This issue is globally recognized as it affect the entire human 
population. However, with latest technology employed in transportation be it in 
commercial or private vehicles transport can also be an agent of sustained urban 
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development with minimal detriment to the environment and human health. Hybrid  
electrical vehicle  (HEV) has been in existence since 1970[5].  However it is not until 
the very first global introduction of Toyota Prius in early 2011 that it became 
globally recognizable technology.  
HEV is a vehicle that combines two types of engine namely the ICE and the 
Electrical machine. As complex as it may sounds the electrical machine in HEV only 
requires battery in order for it to works. To enable HEV to directly compete with 
gasoline vehicles, an electric motor installed on HEV must be able to produce high-
efficiency, high power and torque density, high controllability, wide speed range and 
maintenance-free operation, thus reducing the gas emissions. [5]. 
There were many types of electrical machine currently employed in HEV. 
However, this research will mainly be projected on optimizing the performance in 
terms of torque and power of the initial design of a 12 slot(S)-14 pole hybrid 
excitation flux switching machine (HEFSM).  Apart from that the HEFSM is also 
aimed at producing high power density, robust rotor structure for high-speed 
operation, and with no or less-rare-earth magnet. 
In regards to the previous research[3], it is proven that even with less number 
of slot-pole configuration the HEFSM is able to produce an output that match the 
currently commercialize IPMSM in HEV. The latest research on 12S-14P HEFSM is 
not yet optimized and currently using 1.0kg of rare-earth permanent magnet (PM), 
therefore the next aim is at reducing the volume of PM used in the HEFSM. 
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1.3 Objectives 
 
The objectives of this project are: 
i) To  optimize the proposed 12 slot-14 pole hybrid excitation flux 
switching motor synchronous machine (HEFSM) with 1.1 kg permanent 
magnet  
ii) To design and improve the proposed 12-slot 14-pole hybrid excitation 
flux switching synchronous machine (HEFSM)  with less than 1.1 kg of 
permanent magnet 
iii) To analyze the performances of the output power, torque and the power 
density of the improved HEFSM. 
 
1.4  Scopes 
 
The scopes of the project are: 
i) Optimize the performance of the existing 12-slot 14-pole hybrid excitation 
flux switching synchronous machine (HEFSM) using software JMAG 
Designer version 13.0 
ii) The outer diameter, the motor stack length, the shaft radius and the air gap of 
the main part of the machine design being 264mm, 70mm, 30mm and 0.8mm. 
iii) Electrical restriction to field excitation current density(Je), armature current 
density (Ja) and the limit of the current density is set to the maximum of 30 
Arms/mm2 for armature winding and 30 A/mm2 for FEC. The armature coil 
current (Ia) is set to 360A/mm2. 
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CHAPTER 2 
 
 
 
LITERATURE REVIEW 
 
 
 
It is well known fact that Electric Vehicles (E.V) possess the virtues of energy-
saving, zero-emission and low noise pollution. With the performance it possessed the 
EV is entitled to be dubbed as “green car”. However at the rate of performance 
plaguing the EVs such as range per charge, and the immense infrastructural needed 
for EV to be fully materialize, the technology is considered to be far from being 
competitive to those of internal combustion engine (ICE).  
Despite the slow progress made in the commercial EV field, the grass seems 
to be greener on the other side.  With more private sectors nowadays willing to join 
the cause for the better future, the research funding needed has become things of the 
past. One of the leading energy company held a yearly Shell eco-marathon and has 
been ongoing ever since seven decades ago.  The challenge involves driving the 
furthest on the least energy. The selection of fuel ranging from conventional petrol 
and diesel, biofuels, fuel made from natural gas (GTL), hydrogen, or electricity and 
the car is to travel the furthest on the equivalent of one litre of fuel [7]. This 
prototype of cars may have seen the the commercial market in a form of Hybrid 
Electric Vehicles (HEV). Hence it is outmost importance to continue researching in 
the electrical drives propulsion system in order to catch-up with the technology. 
Hybrid Electric Vehicles (HEV), by means of combination of an Internal 
Combustion Engine (ICE) plus one or more electric traction motors are mostly 
consider as the primarily capable green vehicles. There are four main types of 
electric machines as potential candidates for HEV drives namely, DC machines, 
induction machines (IMs), switch reluctance machines (SRMs), and permanent 
magnet synchronous machines (PMSMs). DC motors have been familiar in electric 
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propulsion because their torque–speed characteristics suit the traction requirements 
well, and their simple control of the orthogonal disposition of field and armature 
magnetomotive-force (mmf). As the research advances, the brushes are replaced with 
slippery contacts since the DC motor requires high maintenance mostly because of 
the mechanical commutator (brush). Nevertheless, DC motor drives have a few 
demerits for example huge construction, low efficiency and low reliability [5], [8]-
[9]. 
 
 
 
Fig 2.1: The Classification of the main types of Electric Motors 
 
At present, an IM drive is the most established technology between various 
brushless motor drives. Cage IMs are largely acknowledged as the most possible 
contestant for the electric propulsion of HEVs, due to their ruggedness, reliability, 
low cost, low maintenance and capability to operate in hostile environments [5]. 
However, IM drives have drawbacks such as low efficiency, high loss, low inverter-
usage factor and low power factor which are more concern for the large power and 
high power motor and that pressed them out from the battle of HEVs electric 
propulsion system [10].  
Meanwhile, SRMs are familiarly recognized to have a potential for HEV 
applications. SRMs have definite benefits such as rugged and simple construction, 
low manufacturing cost, outstanding torque-speed characteristics and simple control 
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but several drawbacks for HEV applications prevail over the advantages such as 
acoustic noise generation and torque ripple. The benefits and drawbacks mentioned 
above are relatively vital for vehicle applications [11]-[12].  
On the other hand, PMSMs are becoming more and  more attractive and most 
capable of competing with other motors for the electric propulsion of HEVs. In fact, 
they are adopted by famous automakers such as Honda and Toyota for their HEVs 
due to the high torque density and excellent efficiency. Conversely, the efficiency 
may reduce at the high speed range due to increase in iron loss and also there is a risk 
of PM demagnetization and this show that PMSM is not compatible for hybrid 
electric vehicle. [13].  
The switched reluctant motor (SRM) is invented to overcome the permanent 
magnet problem. This SRM did not use permanent magnet and benefited from its 
simple and rugged rotor design. However, due to the torque ripples and noise it 
produced, SRM is still unsuitable for direct drive power train[12].  
On the other hand, permanent magnet flux switching machine (PMFSM) has 
been proposed to overcome the problem of PMSM and SRM. This PMFSM has 
physical compactness, robust rotor structure, higher torque and power density and 
high efficiency. All the magnets are located at the stator which make the temperature 
of the magnet can easily control [14]. This shows that PMFSM have more advantage 
compared to PMSM and SRM. The single-phase PMFSM alternator is introduced in 
1955 [14] and the three-phase machine Switching Flux PM Polyphased synchronous 
machine is invented in 1997. The application that has befitted from the invention of 
PMFSM includes the aircrafts, automotive traction drives, and wind power 
generation. However PMFSM still plagued with several disadvantages includes the 
uncontrollable flux and high manufacturing cost due to the inclusion of huge amount 
of permanent magnet. 
To solve the various problem encountered, hybrid excitation flux switching 
machine (HEFSM) is introduced. It is a combination of a FSM and SM. The HEFSM 
consists of permanent magnet (PM) and field excitation coil (FEC) as the main flux 
source. HEFSM has an advantage of a robust rotor structure same as SRM and suited 
the need for extreme driving condition. The PM, FEC and the armature winding are 
placed at the stator and will simplify the design of the cooling system. Apart from the 
advantages listed the additional FEC can be used to control flux with variable flux 
capabilities [3]. 
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2.1 Flux-Switching Machine (FSM) 
 
The flux switching motor (FSM) is a combination of the switched reluctance motor 
and the inductor alternator. The lamination profile is very similar to that of a two 
phase 4/2 SRM. The simple construction of the FSM makes it possible for the 
robustness character of the SRM to be retained.  The two phase fully pitched winding 
arrangement of the FSM is similar to that used in inductor alternators. For motors 
with two poles per-phase a fully pitched winding spans the whole width of the stator 
so that the main active part of the winding is divided onto the opposing stator slots. 
 
 
Fig 2.2: Example of a two phase 4/2 SRM 
  
 The excitation of the two fully pitched windings in the new motor is 
unconventional. The field winding phase (F) is constantly excited with a unipolar 
current, whilst the armature winding phase (A) must be supplied with bipolar current. 
This gives the required resultant flux orientation for rotor rotation.  Since the field 
winding is excited all of the time with DC current it can be directly connected to a 
DC supply without the need for power switching devices[15]. 
 
2.2 Hybrid Excitation Flux Switching Machine (HEFSM) 
 
Hybrid Excitation Flux Switching machine (HEFSM) has both PM and field 
excitation coil (FEC) in the stator. It can be referred as “hybrid stator- PM with field 
excitation machine”. This type of machine utilize primary excitation by PMs and the 
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DC FEC as a secondary sources. HEFSM is seen as a perfect substitute for the 
PMFSM that is suffering problems ranging from increase in copper loss thus 
reducing the efficiency, uncontrollable flux and also possible irreversible 
demagnetization of the large amount of PMs. HEFSM  is  seen as an alternative  
option  to PMFSM where  the  advantages  of  both  PM  machines  and  DC  FEC  
synchronous machines  are  combined. As mentioned earlier, HEFSM incorporate a 
design scheme that place all the active parts that consist of PM, DC FEC and 
armature coil at the stator, HEFSM has been popular among the researcher[3]. 
  
 
 
Fig 2.3: Example of HEFSM [5] 
 
 The flux paths caused by both PM and mmf of FEC under open circuit 
condition are demonstrated in the figure 2.4 below. Referring to the flux line of both 
PM and FEC the term, “flux switching”, is created to signify the changes in polarity 
of each flux in each stator tooth, depending on the rotation of the rotor. When the 
rotor rotates, the fluxes generated by PM and FEC link with the armature coil flux 
alternately. 
10 
 
 
 
Fig 2.4: Flux paths of PM and FEC in HEFSM [5] 
 
The operating principle of the HEFSM can be explained thru the figure 2.5. 
The red and blue line indicate the flux from PM and FEC. In figure 2.5(a) and (b), 
both fluxes are combined and move together into the rotor since the direction of both 
PM and FEC fluxes are in the same polarity, hence producing more fluxes with a so 
called hybrid excitation flux. In Fig. 2.5(c) and (d), the FEC is in reverse polarity. 
The flux of PM is the only one that will flows into the rotor while the flux of FEC 
moves around the stator outer yoke resulting in lesser flux excitation. It is regarded 
as the advantage of the DC FEC, where the effective flux of the PM can easily be 
controlled by weakening or strengthening the excitation flux[3]. 
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Fig. 2.5: The operating principle of the proposed HEFSM (a) θe=0° - more excitation 
(b) θe=180°  - more excitation (c) θe=0° - less excitation  (d) θe=180°  -less 
excitation [5]. 
 
 According to the principle of Flux Switching Machine (FSM), the general 
relationship  between  the  electrical  frequency  and  the  mechanical  rotation 
frequency  can  be expressed as 
                          (2.1) 
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 Meanwhile, for the poly-phase structure such as the 12S-10P HEFSM, the 
relationship between the number of rotor poles and number of stator slots can be 
expressed as  
    =            ]                (2.2) 
 
where Nr is the number of rotor poles,  Ns  is the number of stator slots,  k  is the 
natural entity, and q is the number of phases. Where the natural entity, k ranges from 
1 to 5. 
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CHAPTER 3 
 
 
 
METHODOLOGY 
 
 
 
3.1 JMAG Designer Software 
Analysis is done using JMAG-Designer version 13 software. JMAG is 
simulation software for the development and design of electrical devices. JMAG was 
originally release in 1983 as a tool to support design for devices such 
electromagnetic study and design on motors, actuators, circuit component, and 
antennas. The design of 12S-14P HEFSM is divided onto two separate entity which 
is geometrical design using Geometry Editor and electromagnetic analysis by using 
JMAG-Designer.  
In order to achieve the objectives of this research, working procedure are 
divided into several phases as the following; 
 
 Phase 1: study on initial design based on previous research on 12S-14P 
HEFSM.  
i. Investigate no load analysis including back-emf 
waveforms and cogging torque. 
ii. Investigate field strengthening and field weakening fluxes 
of the permanent magnet. 
iii. Investigate initial performances and torque output of the 
initial design 
 Phase 2: Improved Design based on “deterministic optimization method” 
 Phase 3: Reduce the overall weight of the permanent magnet used in 12S-
14P HEFSM without reducing the performance of the machine. 
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3.2 Design Restrictions and Specifications of the 12S-14P HEFSM 
 
 In order to make the 12S-14P HEFSM as realistic as possible, the parameters 
used in this research followed the same geometrical dimensions and electrical 
parameters as the original design of the IPMSM used in HEV. The geometrical 
parameters include outer diameter, motor stack length and shaft diameter. The 
overall initial dimension of main machine parts including air gap, stator outer and 
inner diameter, rotor outer and inner diameter and shaft diameter show in figure 3.1. 
The motor stack length is set to 70mm similar with IPMSM. 
 
 
Fig 3.1: Initial dimension of the 12S-14P HEFSM for optimization 
 
The design restrictions and specifications of the 12S-14P HEFSM for HEV 
application is listed in the table 3.1 below. The table includes available and estimated 
specifications of the 12S-14P HEFSM for same items with IPMSM used in HEV [3].  
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Table 3.1. HEFSM design restrictions and specifications 
Items IPMSM HEFSM 
Maximum DC-bus voltage inverter (V) 650 650 
Maximum inverter current (Arms) 360 360 
Maximum Ja(Arms/mm2) 31 30 
Maximum Je(A/mm2) NA 30 
Stator outer diameter (mm) 264 264 
Motor stack length (mm) 70 70 
Shaft radius (mm) 30 30 
Air gap length (mm) 0.8 0.8 
PM weight (kg) 1.1 1.1 
 
Currently the 12S-14P HEFSM is approximately at 1.1kg and it is similar 
with the PM volume in IPMSM. For the input voltage and current, the electrical 
restrictions related with the inverter is set to maximum 650V DC bus voltage and 
maximum 360 Arms  current is set to inverter current. For the current density, the 
maximum 30Arms/mm2 for armature coil and 30A/mm2 for FEC are set and will be 
maintain throughout the optimization stage. The preliminary target for the maximum 
speed is 1200r/min. 
In order to maintain the high power density ratio the target motor weight after 
optimization should be less than 35kg. The PM material used for this machine is 
NEOMAX 35AH, while the electrical steel 35H210 is used for rotor and stator body 
[3],[5]. 
 
3.3 Initial Design of the 12S-14P HEFSM 
 
This research is conducted on the basis of previous research. Currently the design of 
the 12S-14P HEFSM has been completed. After some improvement and correction 
made to the initial HEFSM, the output torque recorded is rated at 259.8Nm of torque. 
Based on the research paper done on 10S-12P [3] it is possible to optimize the design 
using the deterministic optimization method. 
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Table 3.2: Initial HEFSM Parameters 
Parameter Details Measurement 
D1 Rotor radius(mm) 84.2 
D2 Rotor pole depth(mm) 66 
D3 Rotor pole width(mm) 7 
D4 PM length (mm) 21.4 
D5 Excitation coil pitch(mm) 21 
D6 Stator outer core thickness(mm) 4.7 
D7 AC width(mm) 5.5 
D8 AC height(mm) 27.9 
D9 Distance between air gap and PM (mm) 0 
D10 Distance between FEC and PM (mm) 0.1 
ag Air gap length(mm) 0.8 
 
 
 
Figure 3.3: Design parameter defined as D1to D10 
. 
The HEFSMs designed is equipped with 12 stator teeth, 14 rotor poles. The 
design alternate the DC FEC and armature coil slot around the stator. The DC FEC1 
is wounded in anti-clockwise polarity as opposed to the DC FEC2 which is wounded 
in clockwise polarity. 
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Figure 3.4: Initial Design of 12S-14P HEFSM 
 
HEFSM comprises of PM, FEC and the armature winding. The number of 
turns for each FEC and armature winding can be manipulated in order for the 
machine to reach the desired output power and torque. The current density of 
armature coil (Ja) and current density of excitation coil (Je) for the proposed machine 
can be determined by equation: 
                              (3.1) 
                             (3.2) 
 
Where N is the number of turns of coil winding, α is the filling factor and S is 
the coil slot area (mm2)[5]. 
 
 
 
 
 
 
 
Rotor 
Stator 
Armature 
Winding 
PM 
FEC 
18 
 
3.3.1 Circuit implementation 
 
Armature coil and FEC needs to be linked with to its functional FEM coil in the 
circuit. Every FEM coil is edited to be linked with corresponding FEM coil in the 
circuit. To simplify the wiring of both armature coil and the FEC all of the wiring 
associated to each coil type is graphically represented using the circuit 
implementation as shown in figure below.  
 
 
(a) 
 
 
(b) 
 
Figure 3.5: Circuit implementation (a) FEC circuit (b) Armature coil circuit 
 
The number of turns associated to each type of coil can be calculated using 
the equation introduced in section 3.3. 
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3.4 Optimization principle  
 
This research focused on optimization and PM reduction based upon the previous 
research on 12S-14P HEFSM. This is due to the fact that current design proposed is 
not fully optimize. Based on the already established research a 10S-12P HEFSM is 
able to produce a rated torque of 334.5Nm with output power rated at 129.6kW. 
Referring to this 10S-12P HEFSM [3] research, it is firmly believed that the 12S-14P 
HEFSM in this research will be able to match the same output rating.   
In order to achieve this, a method called deterministic optimization method is 
initialized where the design parameters mentioned earlier in section 3.3 are divided 
into four groups. The group consists of as those related with the rotor core shape, the 
FEC slot shape, the armature coil slot shape and the PM shape. The method depicted 
in the flowchart below is repeated until the HEFSM shows a sign of saturation based 
on the power and the output torque developed. The optimization flowchart principle 
can be simplified as in figure 3.1[4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Flowchart of Deterministic Design Approach [3][4] 
Yes 
Start 
Change Rotor Parameters 
D1,D2,D3 
Change Field Excitation 
Parameters D4,D5,D6 
Change Armature Slot 
Parameters D7,D8 
Torque/power 
saturated 
End 
No 
Change Demagnetization 
Parameters D9,D10 
20 
 
3.5 Optimization procedure 
 
The first step is carried out by updating the rotor parameters, D1, D2and D3while 
keeping D4 to D10 as constant. As the torque increases with the increase in rotor 
radius, D1 which is considered as the dominant parameter that can improve the 
torque is firstly treated. 
 
 
Figure 3.7: D1-D3 Parameter Update 
 
 In this condition, D4, D6, D8, D9and D10are simply shifted to the new 
position by following the movement of D1, while D5and D7are kept constant. Then, 
by selecting D1at its maximum performance, both rotor pole width D2and rotor pole 
depth D3are varied. Once the maximum performance from the combination of 
D2and D3is determined, all new parameter of D1,D2 and D3 were maintained for the 
till the next improvement cycle. 
The second step is carried out by changing the FEC slot parameters D4, D5 
and D6 while keeping the other parameters constant. 
 
Figure 3.8: D4-D6 Parameter Update 
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 The next step is carried out by varying the armature coil slot parameters D7 
and D8 with keeping other parameters constant including the newly updated 
combination of D4 to D6 that bring out the maximum performance at the second 
step. The necessary armature coil slot area, Sa is determined by varying armature coil 
depth, D7and armature coil width, D8 to accommodate natural number of turns, Na 
for armature coil. 
 
Figure 3.9: D7-D8 Parameter Update 
 
In order to ensure the PM is not demagnetized and permanently damaging it 
at temperatures as high as 180˚C, D9 and D10 are adjusted while keeping the same 
PM mass. The method of changing D1to D10 is treated repeatedly until the target 
performances are achieved [3]. 
 
 
Figure 3.10: D9-D10 Parameter Update 
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CHAPTER 4 
 
 
 
RESULT AND DISCUSSION 
 
 
 
This chapter discuss the results obtained from the research. As stated earlier this 
research is continued based on the model of 12S-14P HEFSM. Using Deterministic 
Design Approach the data obtained from the previous research was manipulated in 
order to optimize the performance of the 12S-14P HEFSM. The optimization process 
is measured in cycles where each cycle represents a complete flow as depicted in 
figure 3.6. Currently the optimization procedure has been finalized as the design has 
saturated in terms of the power output.  
Table 4.1: First cycle optimization D1-D10 parameters 
 
Parameter Details Measurement 1st cycle 
D1 Rotor radius(mm) 84.2 
D2 Rotor pole depth(mm) 66 
D3 Rotor pole width(mm) 7 
D4 PM length (mm) 21.4 
D5 Excitation coil pitch(mm) 21 
D6 Stator outer core thickness(mm) 4.7 
D7 AC width(mm) 5.5 
D8 AC height(mm) 27.9 
D9 Distance between air gap and PM (mm) 0 
D10 Distance between FEC and PM (mm) 0.1 
ag Air gap length(mm) 0.8 
 
 The D1 to D10 parameters of the optimized 12S-14P HEFSM is listed as the 
table 4.1 above. The optimization result will be further discussed and plotted in the 
next section. 
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4.1 1st cycle optimization 
 
The first cycle optimization present some challenge in terms of correcting the result. 
Initially the 12S-14P HEFSM is able to produce 266.13Nm however upon detail 
research done towards the circuit model, the limit 360Arms of maximum inverter 
current limit is not obeyed. The limit is identified as the maximum inverter current 
limit and must be obeyed at all times in order for the 12S-14P HEFSM to work 
efficiently. 
 
 
 
Figure 4.1: Inverter current limit 
 
 After the correction has been made to the inverter current the Deterministic 
Design Approach is continued by updating the D1 to D10 parameters. For the ease of 
understanding the parameters of D1 to D10 will be address as D1-1 to D10-1 to 
indicate the first cycle optimization. The average torque for D1-1 to D10-1 is 259.8 
Nm, accepted as the starting torque for the first cycle optimization. 
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Figure 4.2: 1st Cycle Optimization 
 
4.2 2nd  cycle optimization 
 
D1-2 parameter is set at 84.2 mm. D1-2 parameter is also tested for 83.2 mm and 
85.2 mm. However there were some distortion and also the HEFSM experience 
lower torque output than initially predicted. The average torque for D1-2=84.2 mm  
is 259.8 Nm and accepted as the starting torque for optimization. 
 
 
Figure 4.3: D1-2 Parameter 
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